INTRODUCTION {#s1}
============

Development of the secondary palate involves a complex series of highly integrated events that are frequently disturbed resulting in the congenital malformation, cleft palate. Cleft palate, which has an estimated incidence of 1 in 2500 live births depending on geographic origin, racial and ethnic variation and socio-economic status ([@DDP201C1],[@DDP201C2]), results in considerable morbidity to affected families as individuals who exhibit this condition may experience problems with eating, speaking and hearing which can be corrected to varying degrees by surgery, dental treatment, speech therapy and psychosocial intervention ([@DDP201C3],[@DDP201C4]). The frequent occurrence and significant healthcare burden imposed by cleft palate highlight the need to dissect the aetiology and molecular pathogenesis of this distressing condition.

In mice, the developmental events underlying palatogenesis closely mirror those occurring in man; consequently, the mouse is the pre-eminent model organism for the study of mammalian palatogenesis ([@DDP201C5]). The first sign of overt development of the murine secondary palate occurs on embryonic day 11 (E11) with the outgrowth from the maxillary processes of paired palatal shelves that initially grow vertically down the sides of the developing tongue (E12--E13). At this stage, each palatal shelf consists of a central core of neural crest cell-derived mesenchyme surrounded by an epithelium composed of a basal layer of cuboidal ectodermal cells and a surface layer of flattened periderm cells similar to the remainder of the oral epithelia ([@DDP201C6]--[@DDP201C8]). During E14, the palatal shelves rapidly re-orientate to a horizontal position above the dorsum of the tongue and contact. The medial edge epithelia (MEE) of the apposed shelves adhere to form a midline epithelial seam (MES) which subsequently degenerates to allow mesenchymal continuity across the palate (E15) ([@DDP201C9]--[@DDP201C16]). Transforming growth factor β3 (TGFβ3) has been shown to play a key role in this process via multiple synergistic effects including stimulation of initial adhesion of the palatal shelves, increasing the surface area of the MEE by the induction of cellular bulges and filopodia and by promoting MEE degeneration ([@DDP201C13],[@DDP201C14],[@DDP201C17]--[@DDP201C22]). Although the epithelia of the vertical palatal shelves are in intimate contact with the mandibular and lingual epithelia, pathological fusions between the palate and the mandible and/or the tongue are rare ([@DDP201C23]--[@DDP201C26]); nevertheless, the MEE must rapidly acquire the capability to fuse if the palatal shelves are not to remain cleft. These observations suggest that competence for oral and palatal shelf adhesion is precisely spatio-temporally regulated; however, the mechanisms that control this process remain uncharacterized.

Mutations in the transcription factor interferon regulatory factor 6 (IRF6) underlie Van der Woude syndrome (VWS) and popliteal pterygium syndrome (PPS) ([@DDP201C27]), which are characterized by varying degrees of cleft lip, cleft palate, lip pits, skin-folds, syndactyly and intra-oral adhesions ([@DDP201C28]). *Irf6* is expressed in the developing ectoderm with high levels observed in the MEE prior to and during palatal fusion ([@DDP201C29],[@DDP201C30]). Intriguingly, mice that are homozygous for the mutation Arg84Cys (designated *Irf6*^R84C/R84C^), which is the most common mutation observed in PPS, or for a null allele of *Irf6* (designated *Irf6*^gt1/gt1^), exhibit a hyper-proliferative epidermis that fails to undergo terminal differentiation leading to multiple soft tissue fusions which result in the hind-limbs, tail and body wall being fused together and the lumen of the oesophagus being obliterated ([@DDP201C31],[@DDP201C32]). Severe intra-oral epithelial adhesions which occlude the oral cavity and result in cleft palate as the consequence of abnormal fusion between the epithelia covering the palatal shelves and the tongue are also observed in *Irf6*^R84C/R84C^ and *Irf6*^gt1/gt1^ embryos ([@DDP201C31],[@DDP201C32]). In contrast, although *Irf6*^+/R84C^ embryos exhibited mild inter-epithelial adhesions between the maxilla and mandible in the region of the molar tooth germs, these did not interfere with development of the secondary palate which elevated and fused according to the normal *in vivo* schedule observed in wild-type embryos ([@DDP201C31]). Interestingly, the oral adhesions displayed by *Irf6* mutant mice partially phenocopy those observed in mice carrying homozygous mutations in Jagged2 which is one of the five related cell surface ligands for the Notch family receptors in mice (*Jag2*^ΔDSL/ΔDSL^ and *Jag2*^sm/sm^). Both strains of *Jag2* mutant mice exhibit cleft palate as the result of fusion between the palatal shelves and the tongue, and syndactyly involving all four limbs ([@DDP201C26],[@DDP201C33]).

In the current paper, we demonstrate that IRF6 and Jagged2 function in convergent molecular pathways during development of the oral ectoderm. Moreover, we show that IRF6 plays a key role in the formation of the oral periderm, spatio-temporal regulation of which is essential in ensuring appropriate palatal adhesion.

RESULTS {#s2}
=======

*Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ mice exhibit cleft palate {#s2a}
-------------------------------------------------------

On the basis of the phenotypic overlap between the *Irf6* and *Jag2* mutant mice ([@DDP201C33]), we hypothesized that IRF6 and Jagged2 may function in the same or a convergent molecular pathway. Initially, we investigated whether *Irf6* was down-regulated in *Jag2*^ΔDSL/ΔDSL^ homozygous mice using section *in situ* hybridization (Fig. [1](#DDP201F1){ref-type="fig"}A--D). *Irf6* expression was observed throughout the oral epithelia in E12.5 and E14.5 wild-type mice with no variation along the anterior--posterior axis of the secondary palate (Fig. [1](#DDP201F1){ref-type="fig"}A and C). There was no apparent decrease in the expression levels of *Irf6* in *Jag2*^ΔDSL/ΔDSL^ mice compared with their wild-type littermates (Fig. [1](#DDP201F1){ref-type="fig"}B and D). Similarly, we obtained no evidence that *Jag2* was down-regulated in *Irf6*^R84C/R84C^ mice (Fig. [1](#DDP201F1){ref-type="fig"}E--H). *In vitro* co-immunoprecipitation experiments also failed to reveal any evidence of a direct protein--protein interaction between Jagged2 and IRF6 (data not shown).

![*Irf6* and *Jag2* are expressed normally in the oral epithelia of *Jag2*^ΔDSL/ΔDSL^ and *Irf6*^R84C/R84C^ homozygous mice, respectively. Section *in situ* hybridization of wild-type (**A, C,** **E,** **G**), *Jag2*^ΔDSL/ΔDSL^ (**B,** **D**) and *Irf6*^R84C/R84C^ (**F,** **H**) mice. At E12.5 (A, B) and E14.5 (C, D), *Irf6* is expressed throughout the oral epithelia of both wild-type and *Jag2*^ΔDSL/ΔDSL^ littermate embryos. Similarly, at E12.5 (E, F) and E14.5 (G, H), *Jag2* is expressed with a comparable pattern in wild-type and *Irf6*^R84C/R84C^ littermate embryos. p, palate; t, tongue. Scale bars: 300 μm.](ddp20101){#DDP201F1}

Subsequently, we inter-crossed *Irf6*^+/R84C^ with either *Jag2*^+/ΔDSL^ or *Jag2*^+/sm^ mice. Compound heterozygotes (*Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ and *Irf6*^+/R84C^;*Jag2*^+/sm^), but not wild-type embryos or embryos carrying a mutant *Irf6* or *Jag2* allele alone, displayed fully penetrant intra-oral epithelial adhesions which resulted in cleft palate (Fig. [2](#DDP201F2){ref-type="fig"}). Anteriorly, in *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ compound heterozygous mice, the oral cavity was completely closed and the epithelia covering the maxilla and mandible adhered to one another (Fig. [2](#DDP201F2){ref-type="fig"}A and E). Similarly, throughout E12---E15, multiple epithelial adhesions were observed between the palatal shelves and the tongue and between the epithelia covering the maxillary and mandibular surfaces of the oral cavity in *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ embryos (Fig. [2](#DDP201F2){ref-type="fig"}F and G); consequently, by E15, the compound heterozygotes exhibited a cleft of the secondary palate with multiple epithelial adhesions within the oral cavity, highly similar to those observed in *Jag2*^ΔDSL/ΔDSL^ and *Irf6*^R84C/R84C^ mice (Fig. [2](#DDP201F2){ref-type="fig"}H) ([@DDP201C26],[@DDP201C33]). In general, the intra-oral adhesions observed in *Irf6*^+/R84C^;*Jag2*^+/sm^ embryos were less severe than those observed in *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ embryos; however, the phenotype was fully penetrant, mild adhesions between the epithelia covering the ventral surface of the anterior tongue and the floor of the mouth, and cleft palate being observed in all embryos examined (Fig. [2](#DDP201F2){ref-type="fig"}I--L).

![*Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ and *Irf6*^+/R84C^;*Jag2*^+/sm^ compound heterozygous embryos exhibit intra-oral epithelial adhesions and cleft palate. (**A**--**L**) Histological analysis of wild-type (A--D), *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ (E--H) and *Irf6*^+/R84C^;*Jag2*^+/sm^ (I--L) mice. (A--D) In wild-type mice, no adhesion between the oral epithelia is observed until the palatal shelves fuse to one another above the dorsum of the tongue (D). (E--H) In contrast, severe inter-epithelial adhesions are observed in *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ mice which result in occlusion of the anterior region of the oral cavity (E). In addition, the palatal epithelia adhere to those covering the tongue and the mandible (arrows in F and G) such that the palatal shelves fail to elevate and remain cleft (H). Intra-oral adhesions are also observed between the maxilla and mandible in the regions of the molar tooth germs (arrows in H). (I--L) The oral adhesions observed in *Irf6*^+/R84C^;*Jag2*^+/sm^ embryos are less severe than those observed in their *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ counterparts at all developmental stages (arrows in I, J, K); nevertheless, cleft palate is observed in all *Irf6*^+/R84C^;*Jag2*^+/sm^ embryos (L). p, palatal shelf; t, tongue. Scale bars: A, D, E, H, I, L, 500 μm; B, F, J, 300 μm; C, G, K, 100 μm.](ddp20102){#DDP201F2}

*Irf6*^R84C/R84C^ and *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ mice exhibit abnormal oral periderm development {#s2b}
---------------------------------------------------------------------------------------------------

In light of the genetic interaction between *Irf6* and *Jag2*, and the observation that the oral adhesions observed in *Jag2*^ΔDSL/ΔDSL^ mice result from abnormal development of the epithelium covering the tongue ([@DDP201C33]), we analysed oral periderm formation in *Irf6*^R84C/R84C^ and *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ mice (Fig. [3](#DDP201F3){ref-type="fig"}). Histological analysis at E13.5, when the periderm has formed over the oral epithelium in wild-type embryos, revealed clearly separated, bi-layered epithelia covering the tongue and future nasal surface of the palate (Fig. [3](#DDP201F3){ref-type="fig"}A, D and J). At this stage, both the lingual and palatal epithelia consisted of a regimented series of cuboidal basal cells overlaid with highly flattened, elongated periderm cells (arrowheads in Fig. [3](#DDP201F3){ref-type="fig"}D). In contrast, *Irf6*^R84C/R84C^ homozygous mice only exhibited a layer of disorganized basal cells which appeared thicker in some regions of the tongue and lacked any obvious formation of periderm cells (Fig. [3](#DDP201F3){ref-type="fig"}B and E). In E13.5 *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ mice, the epithelia covering the tongue and the future nasal surface of the palate were bi-layered in patches but the basal layer appeared disorganized (Fig. [3](#DDP201F3){ref-type="fig"}C and F). A superficial layer of periderm-like cells was present on the surface of the oral epithelia of *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ mice, but they appeared irregular and lacked the flattened, elongated appearance characteristic of the periderm in wild-type embryos (arrowheads in Fig. [3](#DDP201F3){ref-type="fig"}F).

![*Irf6*^R84C/R84C^ and *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ embryos display abnormal oral periderm. (**A**--**F**) Histological analysis of E13.5 wild-type (A), *Irf6*^R84C/R84C^ (B) and *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ mice (C) reveals abnormal lingual and palatal epithelia in mutant embryos (B, C). (D--F) Higher magnification views of the boxed areas in A, B and C. (D) In wild-type embryos, the epithelia consist of basal cuboidal cells and superficial, flattened periderm cells (D; arrowheads). (E) In contrast, *Irf6*^R84C/R84C^ embryos display thickened oral epithelia with disorganized basal cells (arrows) and absence of periderm. (F) *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ mice also exhibit disorganized basal cells but a superficial layer of rounded cells lacking the flattened appearance of normal periderm is observed (arrowheads). (**G**) At E13.5, keratin 17 is expressed in the periderm and tooth germs of wild-type embryos. (**H**) In *Irf6*^R84C/R84C^ embryos, keratin 17 expression is reduced. (**I**) In *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ mice, keratin 17 is expressed at similar levels to wild-type embryos, but has a patchy appearance especially in regions of epithelial adhesion (arrowed). (**J--L**) Deconvolved images of immunofluorescence for keratin 17 (green) and E-cadherin (red) at E13.5. (J) In wild-type mice, keratin 17-expressing periderm cells are distinguishable from the basal cells and, whereas dual labelling is evident on the basal surface of the periderm cells, E-cadherin expression is absent from their apical surface. (K) In contrast, *Irf6*^R84C/R84C^ mice lack keratin 17 expression on the lingual and palatal epithelia and multiple regions of E-cadherin expression are present on the apical surface of the exposed basal cells (arrowed). (L) While the oral epithelia of *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ mice are bi-layered, superficial cells lack normal peridermal morphology and dual labelling for keratin 17 and E-cadherin is apparent (asterisks). p, palatal shelf; t, tongue. Scale bars: A--C, 100 μm; D--F, 50 μm; G--I, 300 μm; J--L, 20 μm.](ddp20103){#DDP201F3}

To analyse the periderm in greater detail, we investigated the expression of keratin 17 ([@DDP201C34]). At E13.5, keratin 17 expression was restricted to the periderm and the developing molar tooth germs of wild-type embryos (Fig. [3](#DDP201F3){ref-type="fig"}G). In *Irf6*^R84C/R84C^ mice, keratin 17 expression was markedly reduced, residual expression appearing patchy (Fig. [3](#DDP201F3){ref-type="fig"}H). In contrast, although keratin 17 was expressed at similar levels in *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ mice and their wild-type littermates, staining appeared patchy in the mutant embryos, particularly in the regions of abnormal epithelial attachment (arrows in Fig. [3](#DDP201F3){ref-type="fig"}I). During E14, keratin 17 continued to be expressed uniformly in the periderm with particularly strong expression observed in the developing molar tooth germs and in the epithelium of the dorsal surface of the tongue of wild-type embryos; however, keratin 17 expression was almost completely absent from the oral epithelia of their *Irf6*^R84C/R84C^ littermates, although limited residual expression was observed on the dorsum of the tongue (data not shown). As observed at E13.5, keratin 17 expression appeared patchy and irregular in E14.5 *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ mice with strong expression persisting in regions of abnormal epithelial adhesion between the developing maxilla and mandible and between the palatal shelves and the tongue (data not shown). To provide a more detailed understanding of the mechanisms underlying the intra-oral adhesions observed in *Irf6*^R84C/R84C^ and *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ embryos, we performed dual labelling for keratin 17 and the cell adhesion molecule E-cadherin, images being acquired on a Delta Vision RT restoration microscope and analysed using deconvolution software. While a distinct layer of keratin 17-positive periderm cells whose apical surfaces were negative for E-cadherin were present in E13.5 wild-type embryos (Fig. [3](#DDP201F3){ref-type="fig"}J), their *Irf6*^R84C/R84C^ littermates lacked this layer and E-cadherin staining was clearly visible on the apical surfaces of the exposed abnormal cells (arrows in Fig. [3](#DDP201F3){ref-type="fig"}K). In the case of *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ embryos, while a layer of keratin 17-positive cells was clearly visible, these lacked the characteristic flattened morphology of the wild-type periderm cells and many of the cells abnormally expressed E-cadherin on their apical surfaces, particularly in regions of inter-epithelial adhesion (Fig. [3](#DDP201F3){ref-type="fig"}L).

*Irf6*^R84C/R84C^ and *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ mice exhibit abnormal oral epithelial differentiation and altered notch signalling {#s2c}
--------------------------------------------------------------------------------------------------------------------------------------

As a consequence of the abnormal oral periderm formation observed in both the *Irf6*^R84C/R84C^ and *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ mice, we analysed oral epithelial differentiation in the mutant mice in greater detail. As p63 is known to be a key regulator of squamous epithelial development and has been shown to be vital for normal palatal fusion ([@DDP201C35]), we analysed p63 expression in the oral epithelia of E13.5 *Irf6*^R84C/R84C^ and *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ mice (Fig. [4](#DDP201F4){ref-type="fig"}A--F). While superficially the overall pattern appeared to be similar in wild-type, *Irf6*^R84C/R84C^ and *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ mice (Fig. [4](#DDP201F4){ref-type="fig"}A--C), closer examination revealed that although p63 was confined to the basal cells of the palatal and lingual epithelia with no expression in the overlying periderm cells in wild-type mice (Fig. [4](#DDP201F4){ref-type="fig"}D), multiple regions were observed in *Irf6*^R84C/R84C^ and *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ embryos where p63 expression was expanded into the superficial cell layers, particularly in the regions of abnormal epithelial adhesion (arrows in Fig. [4](#DDP201F4){ref-type="fig"}E and F). As previous results have indicated that the levels of activated Notch1 are down-regulated in the oral epithelia of *Jag2*^ΔDSL/ΔDSL^ mice ([@DDP201C33]), similar analyses were performed on *Irf6*^R84C/R84C^ and *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ embryos. At E13.5, activated Notch1 was localized primarily within the nuclei of the periderm cells of the lingual epithelium (arrowheads in Fig. [4](#DDP201F4){ref-type="fig"}G); in contrast, activated Notch1 staining was absent from the oral epithelia of *Irf6*^R84C/R84C^ embryos, presumably as a consequence of failure of periderm formation in mice of this genotype (Fig. [4](#DDP201F4){ref-type="fig"}H), and down-regulated in the abnormal periderm of *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ embryos (Fig. [4](#DDP201F4){ref-type="fig"}I). Similar expression patterns for Hes1, a down-stream target of Notch signalling, were observed in E13.5 *Irf6*^R84C/R84C^ and *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ mice compared to their wild-type littermates (Fig. [4](#DDP201F4){ref-type="fig"}J--L).

![*Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ and *Irf6*^R84C/R84C^ mice exhibit abnormal oral epithelial differentiation and altered Notch signalling. Immunofluorescence analysis of E13.5 wild-type (**A,** **D,** **G,** **J**), *Irf6*^R84C*/*R84C^ (**B,** **E,** **H,** **K**) and *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ (**C,** **F,** **I,** **L**) embryos. (A--C) Immunofluorescence analysis reveals apparently normal levels of p63 expression throughout the oral epithelia of *Irf6*^R84C*/*R84C^ (B) and *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ (C) embryos compared with wild-type littermates (A). (D--F) Higher magnification views indicate that p63 expression is restricted to the basal cells of the lingual and palatal epithelial in wild-type mice (D); in contrast, in *Irf6*^R84C*/*R84C^ and *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ embryos, p63 staining is expanded into the superficial layers of the oral epithelia (arrows in E and F, respectively). (G--I) Immunofluorescence analysis of the activated form of Notch1 (Act N1) reveals expression predominantly in the periderm of the lingual epithelia of E13.5 wild-type mice (arrowheads in G). Similar analyses of *Irf6*^R84C*/*R84C^ (**H**) and *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ (I) embryos reveals a complete loss of activated Notch1 expression; a similar staining pattern is observed for the Notch target, Hes1 (J--L). t, tongue; p, palate. Scale bars: A--C, 300 μm; D--L, 50 μm.](ddp20104){#DDP201F4}

*Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ but not the *Irf6*^R84C/R84C^ mice demonstrate medial edge seam degeneration {#s2d}
----------------------------------------------------------------------------------------------------------

Despite the strong similarities between the phenotypes of *Irf6*^R84C/R84C^, *Jag2*^ΔDSL/ΔDSL^ and *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ mice, one striking difference between them was observed (Fig. [5](#DDP201F5){ref-type="fig"} and [Supplementary Material, Fig. S1](http://hmg.oxfordjournals.org/cgi/content/full/ddp201/DC1)). While partial breakdown of the epithelial seam between the medial surface of the vertical palatal shelves and the lateral surface of the tongue was observed in regions of the presumptive palatal MEE in *Jag2*^ΔDSL/ΔDSL^ and *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ mice by E14.5 (Fig. [5](#DDP201F5){ref-type="fig"}C and [Supplementary Material, Fig. S1B and C](http://hmg.oxfordjournals.org/cgi/content/full/ddp201/DC1)) ([@DDP201C33]), it remained intact along the entire antero-posterior axis of the secondary palate in all *Irf6*^R84C/R84C^ embryos examined (Fig. [5](#DDP201F5){ref-type="fig"}B; *n* = 14). In light of this difference, we analysed the expression of *Tgfb3* and its downstream target *Mmp13* which have been implicated in degeneration of the MEE during normal palatogenesis ([@DDP201C21]). Section *in situ* hybridization revealed strong uniform expression of both *Tgfb3* and *Mmp13* throughout the MEE seam along the entire antero-posterior axis in wild-type mice at E14.5 (Fig. [5](#DDP201F5){ref-type="fig"}D, G, J and M and [Supplementary Material, Fig. S1G and J](http://hmg.oxfordjournals.org/cgi/content/full/ddp201/DC1)). Analysis of *Tgfb3* expression in *Irf6*^R84C/R84C^ mice revealed relatively normal levels in the anterior secondary palate; however, expression appeared to be shifted to the future nasal surface of the palate (arrows in Fig. [5](#DDP201F5){ref-type="fig"}E). In the mid- and posterior regions of the secondary palate of *Irf6*^R84C/R84C^ mice, *Tgfb3* expression was drastically reduced with only small patches remaining in the adherent epithelium between the nasal surface of the palatal shelves and the lateral surface of the tongue (Fig. [5](#DDP201F5){ref-type="fig"}H and K). No expression of *Mmp13* was detected along the entire antero-posterior axis of the secondary palate at E14.5 in *Irf6*^R84C/R84C^ mice (Fig. [5](#DDP201F5){ref-type="fig"}N and data not shown). In *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ mice, *Tgfb3* and *Mmp13* were expressed in the epithelia of the anterior and middle regions of the secondary palatal shelves where fusion to the lateral aspect of the tongue had occurred (Fig. [5](#DDP201F5){ref-type="fig"}F, I and O and [Supplementary Material, Fig. S1H, I, K and L](http://hmg.oxfordjournals.org/cgi/content/full/ddp201/DC1)); however, expression of both molecules was virtually absent from the posterior region (Fig. [5](#DDP201F5){ref-type="fig"}L and data not shown). To investigate whether cell death correlated with the regions of epithelial breakdown in *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ compound heterozygous mice, we used immunostaining for activated caspase-3. Activated caspase-3-positive cells were observed in the MES and the oral and nasal epithelial triangles of wild-type embryos at E14.5 (arrows in Fig. [5](#DDP201F5){ref-type="fig"}P and [Supplementary Material, Fig. S1D](http://hmg.oxfordjournals.org/cgi/content/full/ddp201/DC1)); similarly, multiple activated caspase-3-positive cells were observed in the epithelial seam between the palatal shelves and the tongue of *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ mice at the same gestational age (arrows in Fig. [5](#DDP201F5){ref-type="fig"}R and [Supplementary Material, Fig. S1E and F](http://hmg.oxfordjournals.org/cgi/content/full/ddp201/DC1)). In contrast, no cell death was detected in the region of adhesion between the palatal shelves and the tongue in *Irf6*^R84C/R84C^ mice, nor in the areas of epithelial adhesion between the maxilla and mandible in the region of the molar tooth germs of *Irf6*^R84C/R84C^ and *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ mice, regions in which the epithelia remain intact (Fig. [5](#DDP201F5){ref-type="fig"}Q and data not shown).

![*Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ but not *Irf6*^R84C/R84C^ mice demonstrate MES degeneration. Analysis of wild-type (**A,** **D,** **G,** **J,** **M,** **P**), *Irf6*^R84C*/*R84C^ (**B,** **E,** **H,** **K,** **N,** **Q**) and *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ (**C,** **F,** **I,** **L,** **O,** **R**) embryos. (A--C) At E15.5, the wild-type secondary palate has fused (A), whereas in *Irf6*^R84C/R84C^ (B) and *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ embryos (C), it remains cleft as a consequence of inter-epithelial adhesions. While partial breakdown of the epithelia between the tongue and palate occurs in *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ mice (arrow in C), the equivalent region remains intact in *Irf6*^R84C/R84C^ embryos (B). At E14.5, *Tgfb3* is expressed throughout the wild-type MEE (D, G, J); in contrast, while *Tgfb3* is detected in the anterior region of the secondary palate of *Irf6*^R84C*/*R84C^ mice where it fuses to the lateral aspect of the tongue (arrows in E), it is down-regulated in the mid- (H) and posterior (K) regions. (F, I, L) *Tgfb3* is also expressed in the presumptive MEE of the secondary palate in *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ mice; however, isolated areas of residual *Tgfb3* expression are observed in the posterior region (L). Whereas *Mmp13* expression is present in the MEE of E14.5 wild-type (M) and *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ mice (O), no *Mmp13* expression is observed in the secondary palate of *Irf6*^R84C/R84C^ mice (N). At E14.5, immunofluorescence reveals activated caspase 3-positive cells in the MES and oral/nasal epithelial triangles of wild-type embryos and in the epithelia between the tongue and the palate in *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ (P and R, arrows); similar analyses in *Irf6*^R84C/R84C^ mice fail to reveal activated caspase 3-positive cells in the region of the MEE (Q). t, tongue; p, palate. Scale bars: A--O, 300 μm; P--R, 100 μm.](ddp20105){#DDP201F5}

DISCUSSION {#s3}
==========

Previous research has shown that *Irf6*^R84C/R84C^ mice exhibit cleft palate as a consequence of inappropriate intra-oral epithelial adhesions ([@DDP201C31],[@DDP201C32]); however, detailed analyses of these mutant mice and the role of IRF6 in specifying normal palatogenesis have not been undertaken. Interestingly, *Irf6*^R84C/R84C^ mice partially phenocopy mice carrying mutations in the notch ligand, Jagged2, which also exhibit cleft palate as the result of abnormal intra-oral adhesions ([@DDP201C26],[@DDP201C33]). In the current study, we have demonstrated that IRF6 and Jagged2 interact genetically during development of the secondary palate. Comparison of the phenotypes displayed by the mutant mice revealed that the oral adhesions in *Irf6*^R84C/R84C^ mice were apparent from the earliest stages of, and persisted throughout, development of the secondary palate. These adhesions were severe in that they involved the entire oral epithelia resulting in almost total occlusion of the oral cavity. In contrast, no obvious differences in palatal shelf development were observed between either *Jag2*^ΔDSL/ΔDSL^ or *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ mice and their wild-type littermates until E12 when the palatal shelves had extended vertically down the sides of the tongue, at which point the aberrant oral adhesions involved only the palate/tongue and the maxilla/mandible in the region of the molar tooth germs. As such, the intra-oral adhesions arose earlier and were more severe in *Irf6*^R84C/R84C^ than in either *Jag2*^ΔDSL/ΔDSL^ or *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ mice. In general, the *Irf6*^+/R84C^;*Jag2*^+/sm^ mice exhibited even less extensive oral epithelial adhesions, supporting the hypothesis that the *sm* mutation, which is a Gly267Ser mis-sense change in the first EGF repeat of Jagged2, is a hypomorphic allele of *Jag2* ([@DDP201C26],[@DDP201C33],[@DDP201C36]).

As we have been unable to obtain any evidence of a direct interaction between IRF6 and Jagged2, we propose that they function in convergent developmental pathways. During E11--E15, the oral epithelia are composed of a basal layer of cuboidal ectodermal cells and a surface layer of flattened periderm cells. The periderm, which forms from the basal cell layer in a patterned manner, persists throughout embryogenesis and is removed shortly before birth once terminal epithelial differentiation has occurred ([@DDP201C37]--[@DDP201C39]). While little is known about the function of the periderm, it has been suggested to act as a protective mediator to the amniotic fluid, a physical barrier or a contributor to formation of the keratinized layer ([@DDP201C37],[@DDP201C40],[@DDP201C41]). Previously, it has been demonstrated that the tongue of *Jag2*^ΔDSL/ΔDSL^ mutant mice displays abnormalities of oral epithelial differentiation particularly of periderm development ([@DDP201C33]). Casey *et al*. ([@DDP201C33]) suggested that Jagged2-mediated Notch signalling was not required for initial periderm formation as the *Jag2*^ΔDSL/ΔDSL^ homozygous mice exhibited a stratified oral epithelium; rather they hypothesized that Jagged2--Notch1 signalling is required for normal periderm differentiation and/or function as the periderm cells in the *Jag2*^ΔDSL/ΔDSL^ homozygous mice displayed abnormal morphology and down-regulation of the activated, nuclear form of Notch1. These results are supported by our findings in *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ embryos, which also exhibit formation of a bi-layered oral epithelium consisting of a disorganized basal layer and overlying periderm cells that lack the usual flattened morphology (Fig. [3](#DDP201F3){ref-type="fig"}). In contrast, similar analyses in *Irf6*^R84C/R84C^ homozygous mice failed to reveal any periderm formation within the oral epithelia suggesting that normal IRF6 function may be an absolute requirement for oral periderm formation from the basal cells; indeed, our initial analyses suggest that IRF6 may play a central role in the formation of the periderm more widely. This differential effect of Jagged2--Notch1 signalling on one hand versus IRF6 signalling on the other is supported by the range of severity of oral adhesions across the various mouse mutants noted above. Taken together, our results indicate that the phenotype observed in *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ embryos is unlikely to result from disruption of a protein--protein interaction between IRF6 and Jagged2, or from a failure of one molecule to activate transcription of the other. We therefore speculate that the mechanism underlying the genetic interaction between *Jag2* and *Irf6* is the consequence of their combined effects on periderm formation, maintenance and function. In this context, the p63 and activated Notch1 expression patterns observed in *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ embryos suggest that IRF6 affects Jagged2--Notch1 signalling during periderm maintenance. Although the loss of activated Notch1 staining observed in *Irf6*^R84C/R84C^ mice is likely to be a secondary effect resulting from the absence of periderm (Fig. [3](#DDP201F3){ref-type="fig"}), this is not the case in *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ embryos where keratin17-positive, p63-negative cells with nuclei characteristic of abnormal periderm cells are observed (Figs [3](#DDP201F3){ref-type="fig"}L and [4](#DDP201F4){ref-type="fig"}F); in wild-type embryos, these cells are activated Notch1 and Hes1-positive (Fig. [4](#DDP201F4){ref-type="fig"}G and J). Together, our results suggest that IRF6 functions in two phases: it is initially required for periderm formation and subsequently functions to maintain periderm integrity through the Jagged2--Notch1 pathway.

Importantly, our data lead us to hypothesize that the function of oral periderm may be to prevent adhesion of intimately apposed epithelia during development. This may be of relevance to the molecular pathogenesis of the intra-oral adhesions and skin folds observed in VWS and PPS. A role for periderm in the prevention of inappropriate epithelial adhesions is particularly important in the oral cavity where the palatal shelves initially develop lateral to the tongue prior to elevating to a horizontal position above it; during this process, the oral epithelia are in close apposition with little intra-oral space ([@DDP201C42]) and it is therefore imperative that the apposed epithelia do not adhere inappropriately. Despite the mechanisms that ensure pathological adhesions do not occur, the palatal MEE must rapidly acquire fusion capability if the palate is not to remain cleft. Given our hypothesis that one of the functions of the periderm is to prevent inappropriate adhesion of intimately apposed epithelia during development, this cell layer must be removed to allow fusion of the palatal shelves. In this context, data from the rat have suggested that the periderm covering the MEE sloughs away from the basal cells after the palatal shelves assume a horizontal position ([@DDP201C7]); however, more recent data have suggested that periderm cells are removed from the MEE by migration to the oral and nasal epithelial triangles ([@DDP201C16]). Regardless of how periderm cells are removed from the midline seam, completion of palatal fusion is known to be critically dependent on TGFβ signalling acting via Smad-dependent and P38 MAPK-dependent pathways ([@DDP201C17],[@DDP201C18],[@DDP201C30],[@DDP201C43]). Interestingly, homozygous *Jag2*^ΔDSL/ΔDSL^ and *Jag2*^sm/sm^ mice exhibit partial MEE seam degeneration between the cleft palatal shelves and the lateral aspect of the tongue suggesting that the signalling mechanisms which allow seam degeneration remain functional in these mice ([@DDP201C26],[@DDP201C33]). Further support for this hypothesis was provided by the observation that palatal shelves dissected from either mutant *Jag2* strain are capable of fusing *in vitro* when placed in apposition indicating that the reason that the palatal shelves of these mice remain cleft is the result of their failure to come into contact rather than a failure of the fusion mechanisms themselves. Indeed, Casey *et al*. ([@DDP201C33]) demonstrated clearly that the expression patterns of *Tgfb3* and its known downstream target *Mmp13*, and the patterns of apoptosis, were normal in the secondary palate of *Jag2*^ΔDSL/ΔDSL^ homozygous mice suggesting that the deletion of *Jag2* and its effect on Notch signalling has no effect on TGFβ3 signalling. In the current study, we have demonstrated that partial breakdown of the epithelial seam between the palate and the tongue is also observed in *Irf6*^+/R84C^;*Jag2*^+/ΔDSL^ mice; although this is generally less complete than that occurring in *Jag2*^ΔDSL/ΔDSL^ mice. Correspondingly, *Tgfb3* and *Mmp13* are expressed in the presumptive MEE in the anterior and middle regions of the secondary palate, expression in the posterior region being patchier. In contrast, degeneration of the palate/tongue epithelial seam was never observed at any point along the antero-posterior axis of *Irf6*^R84C/R84C^ mice (*n* = 14), indicating that IRF6 function is essential for this process. Previous results have demonstrated that *Irf6* shares a similar expression pattern in the MEE to *Tgfb3* during normal secondary palate development and that *Irf6* may function downstream of TGFβ3 signalling in the palate ([@DDP201C29],[@DDP201C30]). Intriguingly, *Tgfb3* is only expressed in the anterior region of the palate in *Irf6*^*R84C/R84C*^ mice suggesting that IRF6 may exert reciprocal control over TGFβ3 signalling, at least in the posterior two-thirds of the secondary palate. In contrast, *Mmp13* expression was absent from the presumptive MEE in all regions of the secondary palate of *Irf6*^*R84C/R84C*^ mice, even in the anterior region where down-regulation of *Tgfb3* was not observed strongly suggesting that *Mmp13* lies downstream of *Irf6* function in the palate. The recent delineation of the IRF6 consensus binding site ([@DDP201C44]) will facilitate the analysis of whether *Mmp13* is a direct or indirect target of IRF6 signalling.

In summary, we have demonstrated that the integration of IRF6 and Jagged2 signalling is essential for the control of palatal adhesion and fusion competence via a combined role in the control of oral periderm formation/differentiation. Importantly, our results in *Irf6*^R84C/R84C^ mice provide a potential explanation for the molecular pathogenesis of VWS and PPS and suggest a wider role for the periderm in preventing self-adhesion of the developing epidermis as observed in conditions such as Bartsocas--Papas syndrome ([@DDP201C45]).

MATERIALS AND METHODS {#s4}
=====================

Generation of mutant mice {#s4a}
-------------------------

Generation and maintenance of mice carrying the targeted *Irf6*^+/R84C^, *Jag2*^+/ΔDSL^ and *Jag2*^+/sm^ mutant alleles on C57BL6/J backgrounds have been described previously ([@DDP201C26],[@DDP201C31],[@DDP201C33]). Heterozygous *Irf6*^+/R84C^ mice were inter-crossed with either *Jag2*^+/ΔDSL^ or *Jag2*^+/sm^ heterozygotes to generate mice that were heterozygous for both mutant alleles. All experiments were performed in accordance with the Animals (Scientific Procedures) Act, 1986.

Histological, section *in situ* hybridization and immunofluorescence analyses {#s4b}
-----------------------------------------------------------------------------

For histological analysis, embryos were dissected from time-mated pregnant female mice, the morning on which the vaginal plug was detected being designated embryonic day (E) 0.5. The embryos were staged on the basis of external morphological characteristics, fixed in Bouin\'s solution, dehydrated through a graded ethanol series, cleared in chloroform, embedded in wax, sectioned at 6 µm and stained with haematoxylin and eosin. Radioactive section *in situ* hybridization was performed as described by Wilkinson ([@DDP201C46]) with the modifications described by Tucker *et al*. ([@DDP201C47]). All sections were counterstained with haematoxylin and the silver grains pseudocoloured red using Adobe Photoshop 6.0. The *Irf6*, *Jag2*, *Tgfβ3* and *Mmp13* probes have been described previously ([@DDP201C29],[@DDP201C33]). For immunofluorescence analyses, 4% paraformaldehyde or Carnoy\'s (for cleaved Notch1 staining) fixed sections were treated with 10 m[m]{.smallcaps} citrate buffer at 96°C for 10 min for antigen retrieval. Sections were incubated overnight at 4°C with antibodies against E-cadherin (1:200; BD Biosciences), keratin 17 (1:1000) ([@DDP201C34]), cleaved Notch1 (Val1744; 1:10; Cell Signalling), Hes1 (1:1000) ([@DDP201C48]), p63 (4A4; 1:50) ([@DDP201C49]) and activated caspase 3 (1:750; R & D Systems). Sections were counterstained with DAPI and visualized using a Leica DMRB microscope. For keratin 17 and E-cadherin dual immunolocalization, images were acquired on a Delta Vision RT restoration microscope (Applied Precision) using a 60x/1.40 PlanApo objective and the Sedat filter set (Chroma 89000). Images were collected using a Coolsnap HQ camera (Photometrics) with a Z optical spacing of 0.2 μm. Raw images were deconvolved using the Softworx software and maximum intensity projections of these deconvolved images are shown in the results.

Co-immunoprecipitation {#s4c}
----------------------

For *in vitro* co-immunoprecipitation experiments, the cDNAs encoding IRF6 and Jagged2 were cloned into the vectors pSG5-FLAG and pSG5-HA and sequence verified. Constructs were transfected into HEK293 cells and immunoprecipitation experiments performed as described previously ([@DDP201C50]).

SUPPLEMENTARY MATERIAL {#s5}
======================

[Supplementary Material is available at *HMG* online](http://hmg.oxfordjournals.org/cgi/content/full/ddp201/DC1).
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